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AbstraeI--Based on remote-sensing data and an expedition during August-September 1993, the 
importance of the Laptev Sea as a source area for sediment-laden sea ice was studied. Ice-core 
analysis demonstrated the importance of dynamic ice-growth mechanisms as compared to the 
multi-year cover of the Arctic Basin. Ice-rafted sediment (IRS) was mostly associated with 
congealed frazil ice, although evidence for other entrainment mechanisms (anchor ice, entrain- 
ment into freshwater ice) was also found. Concentrations of suspended particulate matter (SPM) in 
patches of dirty ice averaged at 156 g m -3 (standard eviation a = 140 g m-3), with a background 
concentration f 5 g m -3. The potential for sediment entrainment over the broad, shallow Laptev 
Sea shelf during fall freeze-up was studied through analysis of remote-sensing data and weather- 
station records for the period 1979-1994. Freeze-up commences on 26 September (or = 7 d) and is 
completed after 19 days (e = 6 d). Meteorological conditions as well as ice extent prior to and 
during freeze-up vary considerably, the open-water area ranging between 107 x" 103 and 447 x 103 
km 2. Ice motion and transport of IRS were derived from satellite imagery and drifting buoys for the 
period during and after the expedition (mean ice velocities of 0.04 and 0.05 m s -1 , respectively). 
With a best-estimate s diment load of 16 t km -2 (ranging between 9 and 46 t kin-2), sediment 
export fi7om the eastern Laptev Sea amounts to 4 × 106 t yr -1 , with extremes of 2 × 106 and 11 x 
106 t yr--1. Implications for the sediment budget of the Laptev shelf, in particular with respect to 
riverine input of SPM, which may be of the same order of magnitude, are discussed. Copyright (~) 
1996 Elsevier Science Ltd. 
1. INTRODUCTION 
The Laptev Sea ranks foremost among the wide Eurasian shelves as a source of ice 
traversing the central Arctic with the Transpolar Drift and eventually exported into the 
Greenland and Barents Seas (Zubov, 1945; Nikolaeva and Shesterikov, 1970; Gorshkov, 
1983; Colony and Thorndike, 1985; Fig. 1). Formation and growth of sea ice in the Laptev 
Sea are dominated by two processes: (1) freeze-up of the vast ice-free portion of the 
Laptev Sea during autumn; and (2) winter ice production in coastal polynyas and flaw 
leads bordering on Severnaya Zemlya or the fast-ice belt in the southern and eastern 
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Laptev Sea (Zakharov, 1966; Nikolaeva and Shesterikov, 1970; Martin and Cavalieri, 
1989; Dethleff et al., 1993, 1994; Reimnitz et al., 1994). Due to the shallow depths (<30 m 
for a major fraction of the Laptev Sea), ice formation occurs in close interaction with 
bottom sediments. As documented in the North American Arctic, large amounts of 
sediment can be entrained into the ice cover through several processes: scavenging of 
suspended material from the water column by frazil-ice crystals, uplift of clastics by anchor 
ice, river spilling on sea ice in the coastal zone and aeolian transport (Mullen et al., 1972; 
Darby et al., 1974; Clark and Hanson, 1983; Osterkamp and Gosink, 1984; Reimnitz et al., 
1987, 1993). Studies of the sediment content of multi-year ice in the Transpolar Drift and 
the Eurasian Arctic suggest that much of its inorganic particulate load originates from the 
Siberian and specifically the Laptev Sea shelf (Pfirman et al., 1990; Abelmann, 1992; 
Wollenburg, 1993; N/irnberg et al., 1994). After 2-4 yr within the Arctic Basin, most of the 
ice is exported through Fram Strait and melts (Fig. 1). 
Ice dynamics and sediment entrainment into the ice cover on the Siberian shelves has 
received comparatively little attention after Nansen's (1906) early observations. Zakharov 
(1966) estimated ice formation within the coastal zone and the flaw lead of the Laptev Sea. 
Fedotov (1976) studied the structural composition of the ice cover. Barnett (1991) 
discusses the ice regime of the Russian Arctic based on satellite imagery and ice charts, and 
Timokhov (1994) gives an overview of Russian work on this topic. Dethleff et al. (1994) 
present an extended analysis of ice formation within coastal polynyas and flaw leads. 
While Belov (1976) hinted at the potential importance of ice rafting in his study of riverine 
Fig. 1. Mean field of sea-ice motion in the Arctic Ocean, derived from buoys for the years 
1979-1991 (after Rigor, 1992). The mean residence time of the ice (yr) within the Arctic Basin 
before export into the Greenland and Barents seas is indicated. The box marks the study area 
shown in Fig. 2. 
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sediment input to the shelf, and Ar6 (1988) discussed the topic in the context of coastline 
processes, Dethleff et al. (1993), Wollenburg (1993) and Reimnitz et al. (1994) were 
among the first to study sediment dynamics and ice rafting in the Laptev Sea in some detail. 
Whereas the previous work had largely focussed on the fast ice and coastal polynyas, the 
joint Russian-German cruise with RV Polarstern during summer 1993 (ARCTIC 93) 
provided an opportunity to study and sample the entire Laptev Sea ice cover (Fig. 2). In 
addition to :field measurements, sea-ice cores were analysed to obtain information about 
ice-growth processes and sediment entrainment. The large-scale distribution and drift of 
sea ice during the expedition was studied through satellite data received on the ship from 
the Advanced Very High Resolution Radiometer (AVHRR) aboard NOAA satellites. 
The magnitude of sediment redistribution and transport by sea ice has been assessed 
through joint analysis of ice velocities and estimates of sediment load from the field data. 
The interannual nd spatial variability of ice retreat during summer melt and the evolution 
of autumn freeze-up in the Laptev Sea are of great importance for ice and sediment 
dynamics. This variability has been assessed through the study of passive microwave 
dataIScanning Multichannel Microwave Radiometer (SMMR) and the Special Sensor 
Microwave/Imager (SSM/I)--covering the study area from 1979 to 1994 in conjunction 
with coasta]~ weather station data, thus broadening the perspective on this and previous 
expeditions' ice-sediment data. 
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Fig. 2. Study area and sea-ice sampling sites during Polarstern cruise ARCTIC 93 in the Laptev 
Sea and the location of the ice edge in mid-September asderived from AVHRR imagery. Also 
shown are locations and WMO identification code of weather stations used for analysis of winds 
and temperatures during freeze-up. The dashed line marks the official boundary of the Laptev Sea 
according to Treshnikov (1985). The bars indicate the sediment load within dirty ice (for numbers, 
see Table 4). 
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2. METHODS AND TECHNIQUES 
2.1. Ice-core measurements and sediment sampling and analysis 
Sea-ice cores were drilled within level ice at 23 locations in the Laptev Sea (a few 
additional cores taken from ridged ice), with further drill-hole measurements of ice 
thickness along 100-m profiles in both level and ridged ice (Fig. 2). At each site, two cores 
were immediately transferred to the ship and stored at -30°C. From one of these, thick 
sections were produced over the entire length of the core. From examination i  ordinary 
light and between crossed polarizers, a textural core stratigraphy was produced, with 
detailed observations on the distribution, sizes and shapes of pores and grains. Based on 
the stratigraphy, cores were sectioned in pieces 0.05-0.15 m long, for measurement of 
salinity, chlorophyll and other parameters (for details of ice-core analysis, see Eicken et 
al., 1995). 
Where sediment concentrations onthe ice permitted, bulk samples were collected by 
the use of spoon, spatula, slurper (when below water), or by chopping and scraping with 
a spade. Any ice shavings included with sediments were melted and the water decanted 
after flocculation with salt. Excess amounts of mud were condensed aboard ship by 
panning and sieving, and the residues were dried in an oven at 60°C. At most sampling 
sites, ice cores of roughly 1 m length were taken separately to study sediment content. 
Cores that appeared clean were split into upper and lower halves, melted, and measured 
volumes of meltwater vacuum-filtered through pre-weighed 0.4-/~m filter papers. Dis- 
tinct, sediment-rich layers were often sampled, melted, and filtered separately. Filters 
and condensed/dried r sidues where inspected under a binocular microscope aboard ship 
and later dried and weighed. From these weights and water volumes the sediment 
concentrations were calculated. For calculating ice-sediment loads in g m -3, only ice 
cores were used. An average sediment concentration was derived from individual values 
weighted according to the depth interval represented byeach sample. These mean values 
are assumed to apply to the upper 1 m of ice, where most of the sediment load is 
concentrated. Nevertheless, they represent an underestimate of the total sediment load, 
since some of the sediment was already concentrated within cryoconite holes or surface 
depressions due to melting of the upper ice layers. At present, no data are available to 
assess the quantitative importance of these surface accumulations, although they gener- 
ally become more important in multi-year ice, where the sediment-laden ice may have 
completely melted (Pfirman et al., 1990; Nfirnberg et al., 1994). Sediment bulk samples 
were wet-sieved through a 63-/zm sieve and the sand content was determined. Silt and 
clay fractions were analysed by the pipette method. 
2.2. Analysis of remote-sensing data 
Time series of ice concentration in the Laptev Sea during spring, summer and autumn of 
the years 1979-1994 were derived from SMMR and SSM/I passive microwave data 
[provided by the National Snow and Ice Data Center in Boulder, CO, based on the NASA 
team algorithm as described by Gloersen et al. (1992)]. Pixels covering amixture of land 
and sea have been excluded from the analysis. Geographical boundaries ofthe Laptev Sea 
are those of Treshnikov (1985), with a further separation i to an eastern and a western half 
along the 126°E meridian (Fig. 2). 
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Ice velocities were derived for cloud-flee areas in NOAA AVHRR satellite images 
received aboard ship. After transformation of coordinates into a polar stereographic 
projection, ice-drift vectors were determined by matching features interactively in corre- 
sponding images, selected from a series of 30 covering the period from 12 August to 23 
September. The satellite data were compared with ice velocities from Argos drifting 
buoys deployed uring the expedition. For the determination of speed and direction of 
drift, the randomly distributed measurements were interpolated to regular gridpoints 
according to the method escribed by Alexandrov and Korsnes (1993), with interpolated 
drift vectors determined as weighted averages of individual vectors located in the vicinity 
of gridpoints. 
2.3. Weather-station data 
The meteorological boundary conditions during freeze-up in the years 1979-1994, in 
particular air temperature, wind speed and wind direction sampled at 6-h intervals, have 
been obtained from three Russian weather stations bordering on the Laptev Sea. These 
are Chelyuskin in the West, Tiksi in the South and Kotelniy in the East (Fig. 2). 
3. RESULTS 
3.1. Ice-growth processes and distribution of sediment within the ice column 
Analysis of core stratigraphies indicates that a major fraction of the ice cover of the 
Laptev Sea sampled in 1993 consisted of columnar ice, formed through congelation of 
seawater at the bottom of ice floes [Table 1; see Weeks and Ackley (1986) for nomencla- 
ture and ice-formation processes]. However, the fraction of columnar ice (fc) within cores 
was lower than that found in multi-year ice in the Arctic Ocean and in the northern Barents 
Sea between Svalbard and Franz-Josef-Land (Table 1). This difference would have been 
more pronounced had the ice been sampled earlier in the season before melting of the top 
layers, which contain an even higher fraction of ice formed from frazil crystals or through 
rafting of floes. More distinct is the contrast between the mean length of stratigraphic 
textural unil:s (Lsu) for the multi-year ice cover of the Arctic Ocean and the predominantly 
first-year cover of the Laptev Sea (Table 2). Smaller values of L~u indicate that ice growth 
is more dynamic on the shallow shelf, with frequent oscillations in the growth regime from 
undisturbed congelation to dynamic growth with incorporation of frazil ice formed mostly 
Table 1. Mean and standard eviation a of core length L and 
fraction of columnar ice fc (ARCTIC 91 and 93) 
Region L(m) f~ (%) n 
ARCTIC 93 
Laptev Sea 1.58 (0=0.54) 59 (0=27) 23 
Barents Sea 2.49 (0=0.39) 82 (o=15) 6 
ARCTIC 91 
Arctic Ocean 2.67 (a=0.95) 68 (a=25) 51/66 
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in the presence of open water and thickened by deformation, i.e. rafting and ridging 
(Eicken et al., 1995). Comparatively small grain sizes within the columnar ice provide 
additional evidence for the prevalence of rapid, dynamic growth. The mean length of cores 
corresponds closely with drill-hole measurements (11 profiles, 419 measurements) giving a 
mean ice thickness of 1.64 m (standard eviation (o) = 0.59 m), as compared to a level-ice 
thickness of 2.86 m measured in 1991 in the Eurasian sector of the Arctic Ocean (Eicken et 
al. ,  1995). 
Ice-core analysis substantiates that dynamic growth is closely associated with the 
entrainment of sediment into the ice column, illustrated by the core shown in Fig. 3, 
obtained from a ridge in the eastern Laptev Sea. Texture and stable-isotope data indicate a
freshwater origin of the upper layers, which is also indicated by high concentrations of 
dissolved silicate measured in these ice layers (A. Bartel et al. ,  1995, unpub, data). With 
6180 smaller than -12%o, this ice most likely formed near the mouth of the Lena or 
another iver in the area. While 6180 of Arctic watermasses and the central Laptev Sea 
mostly ranges between -10 and 0%0 (L6tolle et al., 1993; Schlosser et al., 1994; Bauch et 
al. ,  1995), water from the Lena and the southern Buorkhaya Gulf east of the river mouth is 
depleted in lSo with values below -18%o (L6tolle et al., 1993; Bauch et al., 1995). 
Stratigraphically freshwater ice is interlaced with ordinary sea ice [identified by higher 
6180 and the typical microstructure, Fig. 3(a) and (b)] as a result of deformation. In 
particular, the granular ice (i.e. former frazil) is associated with higher sediment concen- 
trations, while the congelation ice layers are virtually devoid of particulate matter. 
Occurrence of granular ice containing millimetre-sized patches of sediment at the bottom 
of the core is attributed to the incorporation of frazil or anchor ice [Fig. 3(c)]. Complex 
interleaving of ice of different age and origin was also found on larger scales, with adjacent 
ice floes sometimes greatly differing in structure and thickness. 
Table 3 and Fig. 2 present data from ice cores visibly discoloured by sediments. The 
table shows that sediment concentrations are higher in the upper than in the lower section 
of cored ice. In some samples (e.g. 25812) this reflects ummer melt processes concentrat- 
ing sediments from the upper decimetres of ice removed through surface ablation. 
However, there are cases where the highest sediment concentrations occur at some depth 
below the surface layer. Thus, in cores 25821 and 2621 maximum concentrations occur 
about 1.75 and 0.60 m below the surface. Here, suspended particular matter (SPM) values 
of -<8 g m -3 are taken as the background value for 'clean' ice, even though ice with higher 
concentrations was sometimes judged clean on visual inspection. The filters of such 
Table 2. Mean and standard deviation o of the 
length (Lsu) of stratigraphic textural units 
Textural class Lsu (m) a (m) n 
ARCTIC 93 (Laptev Sea) 
Columnar 0.38 0.41 60 
Granular 0.13 0.12 44 
Mixed 0.13 0.15 67 
ARCTIC 91 (Arctic Ocean) 
Columnar 0.83 0.68 102 
Granular 0.27 0.32 94 
Mixed 0.17 0.20 126 
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samples generaUy contain biogenic material and contamination from clothing or equip- 
ment, but very few terrigenous particles. 
Based on microstructural evidence and the measured thickness profiles, three of the 23 
floes sampled are estimated tobe second-year ice, only one of which qualified as dirty ice 
(25821, see Table 3). As a result, the amount of dynamically grown ice as well as the 
sediment load may be slightly underestimated, since the relevant upper layers would have 
melted to a larger degree in second-year ice. 
The sedil~aent load derived for the upper metre of 10 cores of visually 'dirty' ice averages 
at 156 g m -3 (~ = 140 g m -3, Table 3). For all cores analysed (i.e. including clean ice), the 
mean is 70 g m -3 ((7 = 124 g m-3). Maximum concentrations exceeded 600 g m -3 at two 
locations (mean value for the upper 0.5 m). Microscopical investigations of the sand 
fraction of this material indicates that it mostly consisted of well-sorted, fine quartz sand. 
Textural analyses show the sand fraction in all samples to range from 0.01 to 16.6% (Fig. 
4). Clay-size particles dominate the fine fraction. In their samples from first-year ice in the 
southern Laptev Sea, Dethleff et al. (1993) and N~rnberg et al. (1994) found that the silt 
dominated ,aver the clay fraction. At present i is not clear whether this difference and the 
occurrence of coarser material in samples from multi-year ice in the central Arctic (Fig. 4) 
is a result of sorting occurring during the evolution of the ice cover or reflects different 
source areas and incorporation processes. 
The majority of dirty sea ice sampled in the Laptev Sea occurred as turbid ice, with 
sediment evenly distributed throughout layers of granular ice mostly 0.05-0.15 m thick. 
Turbid ice i,s a result of sediment entrainment during the formation of frazil ice in a shallow 
(<30-50 m water depth), highly turbulent water column (referred to as suspension 
freezing; K,empema et at., 1989; Reimnitz et al., 1992). 
The spatial distribution of sediment load exhibited no systematic regional patterns (Fig. 
2), nor did ice morphology or large-scale characteristics of ice floes correlate significantly 
with the sediment content. Nevertheless, sediments are more conspicuous in ridged areas 
and escape the observer when hidden underneath a fresh snow cover on level surfaces. The 
ice sampled at the westernmost station (240) with comparatively high SPM concentrations 
also had its origin in the Laptev Sea and had been exported through Vilkitskii Strait under 
the influence of persisting easterly winds. Concentrations within fast-ice samples at the 
southeastern tipof Severnaya Zemlya were generally low. Higher values in core 239 most 
likely represent entrainment with drifting snow from adjacent land surfaces (Reimnitz et 
al., 1995). 
3.2. Assessing the potential for sediment entrainment and release during autumn freeze- 
up and summer ice retreat from passive microwave data for the period 1979-1994 
The off-shelf transport of ice-rafted ebris depends mainly on (1) the initial ice 
formation and sediment entrainment in shallow water during fall-freeze up, (2) the ice- 
growth regime in the flaw lead during the course of the winter and (3) the volume of 
ice exported beyond the limit of the minimum summer ice extent. Whereas ice formation 
in the coastal zone of the Laptev Sea has been the topic of studies by Zakharov (1966), 
Martin and Cavalieri (1989) and Dethleff et al. (1994), advance and retreat of the ice edge 
in autumn and summer has received less attention to date. In order to assess the potential 
for release of ice-rafted sediment (IRS) over the shelf during summer melt and for 
sediment entrainment during autumn freeze-up, changes in ice coverage have been 
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Fig. 3. (a) Textural stratigraphy, distribution ofsuspended particulate matter (SPM, denoted by 
vertical bars) and 6180 for a sea-ice core from the eastern Laptev Sea (sample 25311, see Fig. 2 for 
location). Note high sediment concentrations i  rafted segments at the top (b) and within granular/ 
frazil ice below (c). Low 6180 of freshwater congelation ice suggests an origin near a river mouth 
and subsequent introduction i to an ordinary sea-ice cover. (b) Vertical thick section from 0.05- 
0.11 m depth in core 25311 (scale in mm). Note dark, millimetre-sized sediment inclusions at the 
sharp boundary between bubbly ice in the upper and clear freshwater ice in the lower half of the 
image. (c) Vertical thick section from 0.70--0.76 mdepth in core 25311 (scale in mm). Sediment 
occurs in aggregations of sub-millimetre sized inclusions within granular ice (centre of photo- 
graph). 
determined from passive microwave satell ite data,  in conjunct ion with basic meteoro logi -  
cal parameters  from coastal weather  stations. 
The decrease of the Laptev Sea ice area to its annual  min imum and the subsequent  
increase during autumn freeze-up are shown in Figs 5(a) and 6(a) for the years 1979 and 
1991. A l l  intervening years exhibit  the same pattern,  with ice retreat  commencing in 
late May or early June (around day 150), a summer  min imum atta ined in early to mid- 
August  and sustained until  m id -September  (day 260). Excursions f rom the near- l inear  
decrease of ice concentrat ion with t ime [Fig. 6(a), western Laptev Sea] are most ly due to 
advect ion of mult i -year  ice from the Arct ic  Ocean.  The decrease in ice concentrat ion 
coincides with r iver ice break-up and a corresponding increase in discharge by more  
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Fig. 3. (Continued.) 
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than an order of magnitude (V. Vuglinsky, 1994, pers. comm.). Expanses of open water 
first appear along the fast-ice boundary, where the flaw lead is an important area of heat 
gain with increasing shortwave fluxes in May (Zakharov, 1966), and at the Lena delta, 
where water temperatures can reach lO-14°C during summer (Barnett, 1991). The fast-ice 
belt of several hundred kilometres width starts to break up in early to mid-June 
(Gorshkov, 1983). 
Table 3. Suspended particulate matter (SPM) as derived from ice-core measure- 
ments 
Sample 
Location 
Lat. (“N) Long. (“E) 
Core length SPM 
(m) (g m-‘) 
239- 1 87.0 102.4 0.54 28 
240-l 17.4 131.9 1.10 346 
249-l 17.5 131.2 1.20 53 
251-2 71.2 126.1 0.98 190 
253-l 77.4 125.5 0.99 433 
257-l 87.4 118.4 1.00 13 
258-11 87.2 117.5 1.00 94 
258-12 87.2 117.5 1.01 58 
258-21 78.0 118.1 1.91 163 
262- 1 77.3 115.6 1.01 182 
Mean 156 
SD (a) 140 
Silt 
Sand 
l Laptev Sea (ARCTIC ‘93) 
n Laptev Sea (ESARE ‘92) 
Central Arctic (ARCTIC ‘91) 
Clay 
Fig. 4. Ternary diagram showing sand, silt and clay fractions of ARCTIC 93 samples taken in the 
Laptev Sea. Also shown are ranges of values for sediment samples taken from first-year ice during 
the ESARE expedition to the Laptev Sea (Dethleff et al., 1993) and from multi-year ice from the 
central Arctic (Niirnberg et a/., 1994). 
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Fig. 5. (a) Time series of sea-ice concentration in the Laptev Sea as derived from passive 
microwave satellite data (SMMR) for 1979. (b) Ice-concentration maps (SMMR) showing the 
advancing ice edge during freeze-up of 1979. (c) Frequency distribution of wind speeds measured at 
Russian weather stations Chelyuskin. Tiksi and Kotelniy (for locations, see Fig. 2) during autumn 
freeze-up of 1979. Continued opposite and overleaf. 
On average, 55 4 18% of the eastern and 32 + 19% of the western Laptev Sea become 
ice-free during summer [Table 4, Figs S(b)and 6(b)]. This difference in part reflects the 
importance of warm water discharge by the Lena. Of similar importance is the advection 
and persistence of thicker ice in the west, the so-called Taymyr Ice Massif reaching down to 
77”N (Barnett, 1991; Timokhov, 1994). In the eastern Laptev Sea the 15% ice- 
concentration contour (taken as the ice edge) in most years oscillates at or recedes beyond 
the shelf break, leaving roughly500 km of open water north of the Lena Delta. In contrast, 
during 1979,1984 and 1987, the ice edge was located south of 75”N in most areas [Fig. 5(a) 
and (b)]. The observed ice-edge retreat pattern has important implications for sedimen- 
tation and export of particulate matter. First, during an average ice year, particulates and 
dissolved matter will be released from the melting sea ice over much of the shelf (though 
not necessarily in the area where they had been entrained), in particular in the eastern 
Laptev Sea. Second, ice retreat over much of the shallow areas of the shelf (i.e. 
waterdepths ~30 m), greatly increases the potential for sediment entrainment into ice 
during the following freeze-up. 
The satellite data indicate that the ice-edge advance from its northernmost to its 
southernmost location during autumn freeze-up is completed within 2-3 weeks (Table 4). 
Its timing does not vary much from year to year, with freeze-up, defined by the local 
minimum in ice concentration before a steep increase to values ~90% [Figs 5(a) and 6(a)], 
commencing around 25 September (day 268). This is deemed the critical period for 
sediment entrainment into the ice cover. Studies in the Beaufort Sea have established that 
entrainment depends on the amount of open water and wind fetch, air temperatures and, 
in particular, wind velocity during ice formation in shallow water (Kempema et al., 1989; 
Reimnitz et al., 1993). These factors determine formation rates of frazil and anchor ice, 
which control the amount of sediment incorporated into the ice through interaction with 
bottom sediments and particulates uspended in the water column (Reimnitz et al., 1992, 
1993). 
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The area of new-ice formation during autumn freeze-up has varied considerably during 
the period 1979-1994, as shown in Table 4 and Figs 5 and 6. Hence, the contribution of the 
Laptev Sea to the ice cover of the Arctic Ocean is subject o distinct interannual variability. 
Varying meteorological conditions during freeze-up are likely to increase the variability of 
sediment entrainment into the ice cover. This is illustrated for the years 1979 and 1991 as 
examples of a ‘closed’ and an ‘open’ Laptev Sea (Figs 5 and 6). As for all years, a distinct 
drop in air temperature by several degrees accompanies the initiation of freeze-up. For the 
entire freeze-up period (including 3 days before and after the limiting dates) air tempera- 
tures for the stations averaged at -4.YC (mean minimum -12.O”C) and -4.8”C (mean 
minimum -19.7”C) for 1979 and 1991, respectively. Mean wind speeds during the same 
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Fig. 6. (a) Time series of sea-ice concentration as derived from passive microwave satellite data 
(SSMO) for 1991. (b) Ice-concentration maps (SSM/I) showing the advancing ice edge during 
freeze-up of 1991. (c)Frequency distribution of wind speeds measured at Russian weather stations 
Chelyuskin, Tiksi and Kotelniy (for locations, see Fig. 2) during autumn freeze-up of 1991. 
Continued opposite and overleaf. 
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Fig. 6. (Continued.) 
period were 5.4 m s-l (mean maximum 12.4 m s-l) and 7.4 m s-i (mean maximum 18.4 m 
s-i) for 1979 and 1991, respectively. The frequency distribution of wind speeds is shown in 
Figs 5(c) and 6(c). Note the higher frequency of values 210 m s-’ in 1991 (mean of 5.6 days 
for all three stations) as compared to 1979 (mean of 1.8 days for all three stations). As 
shown in Fig. 7, maximum values generally correspond to winds blowing offshore, such 
that new ice formed in near-coastal waters would be incorporated into the expanding ice 
cover offshore. 
In their Beaufort Sea study, Kempema et al. (1989) only reported higher amounts (>lOO 
g mm3) of SPM in the water column and within newly grown frazil for wind speeds >lO m 
S -I in conjunction with a drop in air temperatures. Similarly, formation rates of frazil also 
critically depend on a combination of strong winds and low air temperatures, sustaining 
maximum ocean-atmosphere heat fluxes (Smith et al., 1990). Hence, for 1979 it is 
hypothesized that comparatively little entrainment of sediment occurred over only a small 
area of open water during freeze-up, while in 1991 stronger winds and lower air 
temperatures acting over a longer period and accompanied by large fetches significantly 
increased the potential for entrainment. The large fetch over open water and consistently 
high wind speeds in 1991 are also prerequisites for the development of significant swell and 
turbulent mixing of the water column, likely to result in resuspension of bottom sediments 
and interaction with rising frazil ice. Such contrasts are likely to induce distinct interannual 
variability in sediment export by sea ice and may explain the regional variability observed 
in the concentration and distribution of ice sediments in the Transpolar Drift (Pfirman et 
al., 1990; Wollenburg, 1993; Niirnberg et al., 1994) as well as the large observed grain-size 
variations in ice-rafted debris from 80% clay without sand to >25% sand with little clay 
(Fig. 4). 
The freeze-up season prior to the ARCTIC 93 expedition in 1992 was characterized by 
less-than-average open water extent and above-average duration of the freeze-up period 
(approximately 25% below and above, respectively; see Table 4). The meteorological 
conditions at the three stations were intermediate with respect o the extreme years of 1979 
and 1991 (mean wind speed of 6.3 m s-’ and 3.9 days with wind speeds 210 m ss’ on 
average). This suggests that the concentrations and extent of IRS observed during the 
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Fig. 7. Scatter plot of wind direction vs wind speed for the freeze-up period of 1979 (dots) and 
1991 (triangles) for the three weather stations. 
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cruise in 1993 are representative of an average to slightly less than average year and fall 
short of conditions with a maximum likelihood of sediment entrainment as outlined above. 
At present here is a clear lack of direct observations of sediment entrainment during the 
freeze-up process and winter-time ice formation in the coastal polynya system to reduce 
the hypothetical nature of the statements made above. Future analysis (in part already 
underway) thus requires dedicated field programmes and, in particular, the use of remote- 
sensing techniques to monitor the dispersion and evolution of ice formed during potential 
entrainment events such as that suggested for 1991. 
3.3. Ice-drift patterns in the Laptev Sea 
An assessment of relocation and export of sediments by sea ice requires knowledge of 
drift patterns in the Laptev Sea. Long-term, average motion is generally derived from 
buoys and the geostrophic wind (Colony and Thorndike, 1985; Rigor and Colony, in 
press). Coverage of the Laptev Sea in the framework of the Arctic Ocean Buoy Program is 
comparatively poor to date, however. 
Ice drift for the period from 10-12 and 20-23 September from successive AVHRR 
images is shown in Fig. 8, along with buoy positions for the months of October 1993 to 
January 1994. The results of ice-drift vector interpolation to regular gridpoints are 
presented in Table 5. As is evident, the speed and direction of ice drift depend strongly on 
the time interval between successive images. Velocities determined for the period 12-23 
September are smaller by more than an order of magnitude than those for the period 10-12 
September. The high-frequency components of the velocity spectrum also result in 
decreasing ice velocities for increasing sampling intervals. Generally, buoy and satellite- 
derived data correspond closely and demonstrate the rapid changes of speed and direction 
induced by changes in the surface wind field. 
The subsequent drift of the studied ice-pack area is evident from two buoys spaced 
roughly 400 km apart during the expedition (Fig. 8). Motion of the buoys is highly 
coherent, with little net displacement during the months of October and early November. 
Thereafter the buoys gained in velocity, leaving the Laptev Sea region and entering into 
the Transpolar Drift. The mean velocity for the period October 1993 to January 1994 was 
0.086 m s-’ for the southern and 0.082 m s-’ for the northern buoy, with a meridional 
velocity component of 0.05 m s-‘. 
Rigor and Colony (in press) derived an averaged sea-ice velocity field for the Laptev Sea 
Table 5. Mean and range of ice velocities (for periods in 193) retrieved from successive 
AVHRR NOAA images and interpolated to regular gridpoints 
l&12 September 12-23 September 10-23 September 
Vel Dir 
(ms-I) 0 
Vel 
(m s-‘) 
Dir 
(“) 
Vel 
(ms-‘) 
Dir 
(“) 
Mean 0.24 135 0.016 153 0.044 145 
Minimum 0.14 123 0.010 87 0.034 173 
Maximum 0.31 160 0.048 182 0.058 130 
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from geostrophic winds (daily averages based on the horizontal surface pressure gradient), 
with additional constraints provided by a comparatively small buoy data set; most 
datapoints are located north of the 200-m isobath. Their analysis suggests a cyclonic gyre 
centred at approximately 77”N 120”E (Fig. 9). The annually averaged velocity is 0.024 m 
-m \ . ina-13aiaaR .“._ :‘_.” .““_ 
n \ . 20.9 -23.91993 I 
Fig. 8. Sea-ice velocities derived from successive AVHRR images for the periods 10-12 (top) 
and 2M.3 (bottom) September. Also shown are tracks of two Argos buoys deployed during the 
expedition (October 1993 to January 1994), with dots marking the positions at the first of each 
month. 
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s-l (from NNW to SSE) in the western Laptev Sea and 0.019 m s-i (from SSE to NNW) in 
the eastern half (Fig. 9). These values are comparable in magnitude, though not in 
direction in the eastern Laptev Sea, with those determined for the period 10-23 September 
in the present study (Table 5), although this may to some degree be coincidental due to the 
short sampling interval of the latter. The buoy-derived velocities (October-January) are 
significantly larger, which can at least partly be attributed to seasonal differences with 
maximum velocities attained during the autumn and winter months. 
Due to the comparatively few available data, ice velocities in the western Laptev Sea in 
particular are not that well established. Thus, it is not clear to what extent a (re)import of 
ice into the western Laptev Sea from the Arctic Basin may take place. While the annually 
averaged velocity field displays a southeastern component in the southwestern half of the 
Laptev Sea, this is in part due to lack of buoy data. During winter and spring a considerable 
fraction of this area is covered by fast ice, corresponding to zero ice velocities. Further- 
more, the velocity field obtained for the winter season shows a net export also in the 
western Laptev Sea. During the summer months the surface wind field may result in 
southeasterly velocity components, as testified by the second-year ice floes encountered 
during the expedition and the presence of the Taymyr Ice Massif (Barnett, 1991). 
Fig. 9. Annually averaged velocity field based on buoy trajectories and analysis of the surface 
pressure field (Rigor and Colony, in press: for details, see section 3.3 of the present paper). 
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4. DISCUSSION 
4.1. Sea-ice sediments in the Laptev Sea: regional comparisons and temporal and spatial 
variability of entrainment during freeze-up 
The ice cover of the Laptev Sea found during this study was heterogeneous; stretches of 
thinner, level congelation ice alternated with highly deformed areas of older ice. Com- 
pared to the Arctic multi-year pack, higher amounts of granular ice as well as rafted and 
ridged ice were found [also described by Fedotov (1976)], indicating that a significant 
fraction of the ice cover formed under dynamic conditions during autumn freeze-up or in 
the coastal polynyas. High concentrations of entrained sediments were associated with 
dynamically grown ice. Distribution of ice sediments was highly heterogeneous over a 
wide range of scales from tens of metres to tens of kilometres. Most of the ice-rafted 
sediment (IRS) sampled in the Laptev Sea that had not been redistributed during summer 
melt occurred in turbid ice indicative of scavenging from the water column. At a few 
locations, aggregates of sediment in cores analysed indicate detachment of sediment from 
the bed by anchor ice (lower core in Fig. 3, Dethleff et al., 1993). Small amounts of debris 
supplied by offshore winds were only seen within congealed drift snow on a narrow fringe 
of fast ice (sample 239 in Table 3; see also Reimnitz et al., 1995). Only one sampled lloe 
contained coastal freshwater ice (Fig. 3). Since the fast ice generally melts in situ 
(Timokhov, 1994; Rigor and Colony, in press), export of sediment-laden fast or river ice 
appears to be uncommon. 
The mean particulate load of 156 g m-3 for dirty ice is slightly higher than that of 125 g 
me3 (a = 205 g rn-“) measured on 41 ice samples in the Laptev Sea in 1992 (Dethleff et 
al., 1993; Nurnberg et al., 1994). Since the latter data were collected in April before the 
onset of melt, while the present samples include enrichment due to melt processes, direct 
comparisons are problematic. Nevertheless, even measurements in young ice from the 
North American Arctic fall in the same range. Osterkamp and Gosink (1984) determined 
SPM concentrations of 192 g m-s in six ice cores from the Beaufort Shelf, while 
Kempema et al. (1989) measured 212 g m -’ in slush ice at the Alaskan coast during fall 
freeze-up. Maximum concentrations of 1.515 g m-s in ice formed during a freeze-up 
storm (corresponding to 1263 g m -’ in the water column) were reported by Kempema er 
al. (1989). Larssen et al. (1987) found 19.5 g rnp3 in turbid ice sampled in Fram Strait. 
Enrichment at the surface during summer melt and preferential sampling of small, 
sediment-rich surface patches explain the comparatively high values of 3974 g mW3 (a = 
9216 g rnp3, 89 samples) reported by Nurnberg et al. (1994) for dirty multi-year ice from 
the central Arctic. 
The spatial and temporal variability in the distribution of ice-entrained sediments 
appears to be closely linked to the ice-formation regime in the Laptev Sea and other parts 
of the Eurasian continental shelf. As demonstrated in the analysis of satellite and weather 
station data in section 3.2, the freeze-up regime varies considerably from year to year. The 
importance of sediment entrainment during initial ice formation (corroborated by ice-core 
analysis, section 3.1) and the short duration of this period (Table 4) can help explain 
regional and interannual variability of IRS distribution. The regional IRS zonation within 
Arctic pack ice (Pfirman et al., 1989; Ntirnberg et al., 1994) may well represent freeze-up 
patches formed during different years. Variability and patchiness on smaller scales is 
explained by local variability such as different ice formation modes and rates (demon- 
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strated by the distribution of different ice types, section 3.1) at locations with variable wind 
speeds, water depth and fetch. 
Distribution of IRS in the Laptev Sea is further complicated through sediment 
entrainment into new ice formed in coastal polynyas and flaw leads occurring over up to 
2000 km along the fast-ice margin (Zakharov, 1966; Dethleff &al., 1993,1994; Reimnitz et 
al., 1994). Dethleff etal. (1994) pointed out that thermohaline convection and wind-driven 
Langmuir circulation is likely to result in resuspension of sediments and incorporation into 
slush ice. They derived a volume of 250-300 km3 of ice formed within flaw leads (with an 
estimated SPM concentration of 50 g m-“), based on a comprehensive analysis of 
weather-station data for the winter season 1991/1992. Entrainment of sediments into new 
ice in the polynya may vary considerably, since resuspension and entrainment of particu- 
lates depends on the hydrodynamic regime and ice-formation mode. Thus, formation of 
frazil ice requires sufficient winds and swell (Eicken and Lange, 1989; Smith et al., 1990). 
such that polynyas also produce large amounts of congelation ice devoid of sediment 
inclusions. Two cores collected by Dethleff et al. (1993) in young polynya ice from the 
southern Laptev Sea (with SPM<lO g mp3) support this conclusion. Nevertheless, further 
studies are required to assess the relative importance of entrainment in the polynya. 
4.2. Drift of sea ice and export of sediments from the Laptev Sea 
Based on the ice velocities and sediment load data presented above, the sediment fluxes 
and the overall export of IRS from the Laptev Sea can be assessed according to 
where js, is the mass flux of ice-rafted sediments, Ui the ice velocity, Ai the area1 ice 
concentration and a, its sediment load. The latter corresponds to the product of sediment 
volume concentration c, and ice thickness Zi 
To derive a,, a distinction between sediment-laden ice confined to the upper metre of the 
ice column with a mean c,of 156 g me3 and clean (i.e. not visibly discoloured) ice with c, = 
5 g rnp3 was made (see section 3.1 and Table 3). The areal distribution of dirty ice in the 
study area was difficult to assess due to snow deposition during the study period. Analysis 
of aerial photography data obtained in the Svalbard/Franz-Josef-Land area earlier in the 
expedition and prior to snow fall showed that on average 4% of the multi-year ice 
contained visible sediment inclusions, in some areas increasing to 25% or more (Eicken et 
al., in press). Similar numbers have been reported for the European Arctic (Pfirman et al.. 
1989; Wollenburg, 1993). In multi-year ice, sediments have been lost or locally concen- 
trated from larger areas due to surface melting, such that the IRS extent judged from 
surface appearance is significantly smaller as compared to first-year ice. Thus, along the 
traverse through first-year ice from Cape Chelyuskin to the southernmost sampling 
location at 75”45’N 121”E (Fig. 2), more that 25% of the ice cover was dirty throughout. 
The fact that the average SPM concentrations for all cores analysed (i.e. clean and dirty 
ice) amounts to 70 g rnp3 also indicates a more prolific distribution of IRS. Nevertheless, 
for a first, conservative, best estimate the mass-transport estimate is based on an areal 
dirty-ice fraction of 5% of the ice cover. To assess the importance of years or areas with 
smaller or larger concentrations, mass transport has also been derived for the extremes 
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observed during the expedition, i.e. an area1 coverage of 1 and 25%, respectively. For a 
mean ice thickness of Zi = 1.58 m, with 1 m of dirty and 0.58 m of clean ice (see above and 
Table l), a best-estimate (area1 IRS coverage 5%) mean SPM concentration amounts to c, 
= 10 g rnp3, with extreme values of 6 and 29 g m-s for 1 and 25% area1 coverage. This 
corresponds to a sediment load a, of 16 g m-* or 16 t km-*, with extreme values of 9 and 46 
t kmp2. Thus, for mean ice concentrations Of Ai = 0.9 in the area, best-estimate short-term 
sediment transport by ice reaches 3 g m-’ s-i for maximum ice velocities observed and 
>lO g m-i s-i in areas with maximum sediment concentrations. The mean flux based on 
mean velocities for the study period is 0.6 g m-l s-‘. 
Long-term transport and export of IRS from the Laptev Sea are more difficult to assess, 
however. First, only ice crossing the line of summer minimum ice extent is actually 
exported from the Laptev Sea. Based on buoy data and modelled ice drift, Nikolaeva and 
Shesterikov (1970) concluded that ice formed along the fast ice boundary after 1 February 
does not leave the Laptev Sea. Obviously, this date will vary from year to year depending 
on ice velocities and the extent of ice retreat during summer [Figs 5(b) and 6(b)]. 
Nevertheless, entrainment in coastal polynyas during the later growth season is thus of less 
significance with respect to sediment export. Second, and more important, there is a lack 
of long-period ice-velocity data over the shallow shelves, where motion patterns are more 
complex than in the Arctic Basin (Rigor and Colony, in press). This estimate relied on the 
analysis of satellite and buoy data and an annually averaged motion field derived by Rigor 
and Colony (in press) (see Fig. 9 and section 3.3). Averaged over the entire study interval, 
the deployed buoys were displaced with a velocity component of 0.05 m s-i normal to the 
summer minimum ice edge (Fig. 8). The velocity field exhibits an annual mean of 0.02 m 
s-‘. The displacement of the old-ice boundary (i.e. the summer minimum ice edge) 
between October and March shown by Nikolaeva and Shesterikov (1970) also indicates a 
value of roughly 0.02 m s-‘. The cyclonic circulation pattern evident in Fig. 9 and also 
shown in Treshnikov (1985) deserves particular attention. As discussed in section 3.3, the 
annually averaged export is clearly defined for the sector between 120-140”E where 
velocity vectors are normal to the summer ice edge and less certain for the western part of 
the Laptev Sea. Nevertheless, during winter export occurs also over the entire width of the 
shelf (Nikolaeva and Shesterikov, 1970; Timokhov, 1994; Rigor and Colony, in press). 
Thus, it appears likely that export of ice and IRS still outbalances import in the western 
Laptev Sea. Nevertheless, this question can only be settled as further data become 
available and hence the present estimate is restricted to the eastern sector of the Laptev 
Sea. The total export, then, is likely to be somewhat higher than the estimate shown here. 
The question of potential ice import from the Kara Sea through Vilkitskii Strait (Kozo et 
al., 1995) also requires further study. 
Table 6 lists the export of IRS from the 120-140”E sector derived for the different 
Table 6. Export of ice-rafted sediments (IRS) f rom the Laptev Sea (sector between 120 and 140”E) 
Export of IRS (t) 
Best estimate Min. Max. Source of velocity data 
Buoys (Oct. 93 to Jan. 94) 
Buoys/model (long-term annual average) 
3x lo6 2 x IOh 9 x 10h This work 
4 x IOh 2 x loh 11 x IOh Rigor and Colony (in press) 
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velocity and load estimates hown above, with a mean ice concentration of 90%. The close 
correspondence between the annual export based on the two different velocity datasets is 
mostly due to seasonal and interannual variability. The buoy-derived velocities are 
deemed representative of the entire sector, as indicated by the strong coherency of their 
motion (Fig. 8). The ice export derived from this latter estimate (zi = 1.58 m, Zi = 0.02 m 
s-r) amounts to 400 km3 yr-‘. Taking into account that export outside the 120-140”E 
sector is neglected, this is in fair agreement with the value of 540 km3 yr-’ cited by 
Timokhov (1994). 
4.3. On the importance of ice rafting for the sediment budget of the Laptev Sea 
Despite all the uncertainties involved it is concluded that the export of IRS, at least at 
present and on shorter time-scales, is a major term in the sediment budget of the Laptev 
Sea. In order to put the derived export estimates into perspective, Table 7 lists different 
assessments of the supply of suspended matter to the Laptev Sea by the Lena (the most 
important contributor), varying between 12 X lo6 t yr-’ (Milliman and Meade, 1983) and 
21 x lo6 t yr-’ (Alabyan et al., 1995). Thus, export of IRS may represent between 20 and 
almost 100% of the river supply. In this context, results from Alabyan et al. (1995) 
indicating that most of the river supply settles out in the delta regions are quite important. 
since this leaves only a load of 2.1 to 3.5 x lo6 t for the Laptev Sea proper. Clearly, this 
result needs to be reconfirmed through a careful analysis of the present state of balance of 
the Lena Delta. If correct, even the conservative ‘best’ estimate for IRS export would 
balance river supply. Furthermore, single, massive entrainment events during years with 
favourable boundary conditions may be of even larger importance for the long-term 
average export. As reported for the Alaskan Arctic by Kempema et al. (1989), during a 
freeze-up event 1 m of slush ice can entrain SPM with a mean concentration of 500 g me-?. 
Assuming such ice formed over 50,000 km* of shallow water (i.e. less than a third of the 
area with waterdepths ~30 m), the resulting export would amount to 25 x lo6 t, a value 
balancing even the highest estimate of river supply. In combination with water-column and 
bottom transport of sediments, such as 6.2 X lo6 t yr-’ submarine transport into the 
Amundsen Basin by the Novosibirsk current according to Belov (1976), river supply would 
be outweighed by erosive processes. The disappearance of islands and deepening of shoals 
in the Laptev Sea (Timokhov, 1994) provide additional evidence of such a trend. At 
present, however, these can be mere musings on the sediment budget of the area, since the 
database needs to be expanded and all relevant processes and terms (such as coastal 
erosion) have to be taken into account. 
A significant portion of ice formed in the Laptev Sea is not exported but melts south of 
the summer ice edge. This release of IRS affects the distribution of surface sediments as 
Table 7. River supply of sediments to [he Laptev Sea 
Supply of sediments 
(t yr-‘) source 
Lena upstream of delta (Kiusiur) 
Lena beyond delta region 
Total river supply 
21 x 10” 
2.1-3.5 x 10” 
27 x 10’ 
Alabyan et al. (1995) 
Alabyan ef al. (1995) 
Alabyan et al. (1995) 
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well as the stratigraphic sequence and morphology of the shelf. Thus, composition and 
origin of sediments in a given area can vary considerably, depending on freeze-up, 
circulation and melting of sediment-laden ice and possibly less on bottom morphology, the 
hydraulic sedimentation regime or other facies parameters. 
To improve the present estimates of sediment transport and its importance for the 
Laptev Sea, more extensive and reliable data of ice velocities, extent and concentrations of 
IRS are needed. This includes ice rafting in the coastal polynya regime, which has received 
little attention apart from studies by Zakharov (1966) and Dethleff et al. (1993, 1994). 
Another open question is the fate of ice formed over shallow water (<lO-20 m) during 
freeze-up. Sediment entrainment at such small water-depths is highly likely. Nevertheless, 
low sediment concentrations were measured in the fast-ice cover at water-depths <2O m in 
1992 (four out of six sites c, < 1.5 g rne3; Dethleff et al., 1993; Niirnberg et al., 1994). 
Possibly, ice initially formed over shallow water is incorporated into the pack before the 
actual fast-ice cover develops. Further studies of these problems require a combination of 
field and remote-sensing measurements. The former would provide the information on the 
small-scale distribution and concentration of ice sediments, whereas the latter could 
improve our knowledge of circulation patterns and possibly even allow detailed mappings 
of the extent of dirty ice, as suggested by a study of Landsat images by Reimnitz er nl. 
(1993) in the Alaskan Arctic. 
5. SUMMARY AND CONCLUSIONS 
The sea-ice cover of the Laptev Sea was studied with respect to its relevance for 
sediment ransport. Ice cores and ship-board observations demonstrated that the ice cover 
was of variable composition, with a significant fraction composed of frazil or deformed ice. 
Concentrations of IRS within dirty ice, which generally accounted for between 1 and 25% 
of the ice cover, averaged 156 g m-3, comparable to values found in the North American 
and central Arctic. While turbid ice with evenly dispersed sediment inclusions prevailed, 
evidence for entrainment by anchor ice as well as enriched surface-melt accumulations 
were also found. 
The conditions conducive to sediment entrainment into the newly forming sea-ice cover 
in autumn were found to be highly variable between different years. Analysis of satellite 
data indicated that the fraction of open-water area in the eastern Laptev Sea varied from 
14 to 68% (mean 55%) in 1979-1994. More of the western Laptev Sea is usually ice- 
covered, with maximum open water ranging between 2 and 59% (mean 32%). Autumn 
freeze-up on average commences on 26 September, the date varying little from year to 
year. Less than 3 weeks later, most of the Laptev Sea is ice-covered. Since this period of 
autumn ice-edge advance is rather short, sediment entrainment into the newly forming ice 
cover depends critically on the boundary conditions of freeze-up. The two key parameters, 
open-water area and wind speeds during freezing, were highly variable between the years, 
1979 and 1991 taken as prominent examples of ‘clean’ and ‘dirty’ years. Hence, disregard- 
ing sediment entrainment in ice of the coastal polynya, the incorporation of SPM into sea 
ice of the Transpolar Drift appears as an episodic event. This would also explain some of 
the local and regional variability observed in the IRS distribution in the Arctic Ocean 
(Pfirman et al., 1989; Niirnberg et al., 1994). 
Analysis of AVHRR and drifting-buoy data covering the period of the expedition 
yielded mean ice velocities around 0.04 m s-‘, reaching values as high as 0.24 m s-’ during 
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time intervals of few days. While a good correspondence was found in magnitude and 
direction with long-term average data, in particular in the western Laptev Sea, this may in 
part be coincidental due to the short time period considered. Ice rafting of sediments 
during the melt season may be as important as transport in the water column. Thus, the 
distribution, composition and thickness of modern surface sediments may be influenced to 
a considerable degree by IRS released as the moving ice melts over the shelf. 
Based on the collected data, sediment transport by sea ice has been assessed. With a 
best-estimate sediment load of 16 t km-’ and a long-term, annual, average, northerly ice 
velocity of 0.02 m s-l between 120 and 140”E, roughly 4 x lo6 t of sediments are exported 
annually. Maximum export estimates are more than 10 x lo6 t yr-‘. Thus, ice rafting 
represents an important, if not crucial, component in the sediment budget of the Laptev 
Sea, in particular if most of the 21 x lo6 t contributed annually by the Lena are deposited in 
the delta and do not reach the shelf proper as suggested by Alabyan et al. (1995). Improved 
quantitative estimates of the sediment budget of the region and the relative importance of 
ice rafting require further studies, including a more extensive ice-velocity dataset. Ice 
export beyond the summer ice edge, import from the Arctic Ocean and the Kara Sea, and 
local redistribution through melting drift ice need to analysed in more detail. For this 
purpose, data from radar satellites in particular can be of considerable value. The relative 
importance of entrainment during freeze-up as compared to incorporation later in the 
year, mostly in the coastal polynya zone, still needs to be established. The complexity of 
the problem as well as regional and temporal variability of entrainment require that studies 
such as this one be extended, with a combination of ground-based and remote-sensing 
measurements holding most promise. 
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